.) showed that contact of alveolar epithelial type II cells with an air-liquid interface (I AL) leads to a paradoxical situation. It is a potential threat that can cause cell injury, but also a Ca 2ϩ -dependent stimulus for surfactant secretion. Both events can be explained by the impact of interfacial tensile forces on cellular structures. Here, the strength of this mechanical stimulus became also apparent in microarray studies by a rapid and significant change on the transcriptional level. Cells challenged with an IAL in two different ways showed activation/inactivation of cellular pathways involved in stress response and defense, and a detailed Pubmatrix search identified genes associated with several lung diseases and injuries. Altogether, they suggest a close relationship of interfacial stress sensation with current models in alveolar micromechanics. Further similarities between IAL and cell stretch were found with respect to the underlying signaling events. The source of Ca 2ϩ was extracellular, and the transmembrane Ca 2ϩ entry pathway suggests the involvement of a mechanosensitive channel. We conclude that alveolar type II cells, due to their location and morphology, are specific sensors of the IAL, but largely protected from interfacial stress by surfactant release. cell deformation; cell injury; mechanotransduction; microarray; stretch IN THE ALVEOLI, MECHANICAL forces are a constant modulator of tissue geometry and function (4). These forces arise from multiple sources, such as cyclic stretching and compression during respiration, changes in transcapillary pressure, or surface tension at the air-liquid interface (I AL ) (22). They are probably nonuniform in space and time (26, 51, 67) and impose either physiological responses of the cells, or pathological ones, depending on the type of tissue or the magnitude or abnormality of forces that are at work (reviewed in Refs. 18, 66, 69, 72) . In particular, tissue stretch (ϭ tensile strain) has already been shown to be an important determinant of surfactant secretion in alveolar type II (AT II) cells (2, 15, 36, 47, 71, 73) . Studies on single cells revealed that stretch induces an elevation of the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) (23, 73), perhaps via mechanosensitive ion channels like the wellcharacterized transient receptor potential (TRP) vanilloids (reviewed in Refs. 16, 77) . Recently, the panoply of mechanosensitive mechanisms was expanded by the finding that the I AL , the "normal" microenvironment of the AT II cells (6), may be a strong mechanical incentive as well. Two recent independent studies (55, 56) described a stimulating, but also harmful, effect of an I AL on the AT II cell function. Interestingly, interfacial contact is followed by an increase in [Ca 2ϩ ] i and release of ATP, both of which stimulate secretion (reviewed in Refs. 1, 44, 59 ). It has even been speculated that this response could act within a feedback loop to continuously monitor and to adjust the physical properties of the interface or the hypophase below.
IN THE ALVEOLI, MECHANICAL forces are a constant modulator of tissue geometry and function (4) . These forces arise from multiple sources, such as cyclic stretching and compression during respiration, changes in transcapillary pressure, or surface tension at the air-liquid interface (I AL ) (22) . They are probably nonuniform in space and time (26, 51, 67) and impose either physiological responses of the cells, or pathological ones, depending on the type of tissue or the magnitude or abnormality of forces that are at work (reviewed in Refs. 18, 66, 69, 72) . In particular, tissue stretch (ϭ tensile strain) has already been shown to be an important determinant of surfactant secretion in alveolar type II (AT II) cells (2, 15, 36, 47, 71, 73) . Studies on single cells revealed that stretch induces an elevation of the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) (23, 73) , perhaps via mechanosensitive ion channels like the wellcharacterized transient receptor potential (TRP) vanilloids (reviewed in Refs. 16, 77) . Recently, the panoply of mechanosensitive mechanisms was expanded by the finding that the I AL , the "normal" microenvironment of the AT II cells (6) , may be a strong mechanical incentive as well. Two recent independent studies (55, 56) described a stimulating, but also harmful, effect of an I AL on the AT II cell function. Interestingly, interfacial contact is followed by an increase in [Ca 2ϩ ] i and release of ATP, both of which stimulate secretion (reviewed in Refs. 1, 44, 59) . It has even been speculated that this response could act within a feedback loop to continuously monitor and to adjust the physical properties of the interface or the hypophase below.
In addition to surfactant secretion, mechanical forces have been discussed to profoundly alter cell metabolism and tissue differentiation (18) . Particularly, the AT II cells seem to be very adaptable to changes in their local environment and to the state of alveolar micromechanics. After tissue damage, for example, they proliferate (in vivo) and differentiate into AT I cells to restore the structural integrity (reviewed in Refs. 18, 19, 43) . Notably, more than 600 genes have been indentified so far to be differentially expressed in either of these two cell types subject to various stretching or hyperinflation protocols (30) . These studies have been performed in animal models, isolated lungs, or AT II-like cell types. However, until now, no such experiments have been performed with primary cultures of AT II cells.
In this report, transcriptomic analysis was performed to test the concept of an I AL as a mechanical stimulus, stress factor, and/or regulator of the AT II cells. For this purpose, cultured AT II cells were exposed to two different interfacial conditions. A second aim was to further elucidate possible mechanisms in the sensation of an I AL by using agonists and inhibitors for various Ca 2ϩ -dependent channels and pathways. The results support the concept that the I AL is a strong stimulus for AT II cells, inducing cellular responses that seem to be closely associated with mechanotransduction, stress response, and alveolar repair. Furthermore, we show that surfactant protects the AT II cells from the detrimental contact with the interface and prevents cell damage.
METHODS
Cell isolation and culture conditions. This study was reviewed and approved by the Austrian Government, and cell preparations were conducted in conformity with the Austrian rules for animal care and testing (a license from the Austrian Government has been granted to T. Haller). The AT II cells were isolated from male Sprague-Dawley rats according to standard protocols described elsewhere (17, 34) . The cells were plated in sterile multiwell tissue culture plates (all Greiner) and left for 48 h in DMEM (Sigma-Aldrich) supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 24 mM NaHCO 3, and 10% FCS (Biochrom) in a humidified 5% CO 2 atmosphere of 37°C. Culture media were changed after 24 and 36 h to reduce the number of macrophages (45) . When verified by microscopy, their fraction always amounted to Յ1%. NIH3T3 fibroblasts (3T3) were grown in culture dishes in MEM (Sigma-Aldrich) supplemented with 10% FCS, 4 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Subcultures were routinely established on every second to third day of cultivation by 0.5% trypsin/EDTA treatment. The immortalized human dermal microvascular endothelial cell-line (HMEC-1) was maintained in MCDB-131 medium (Gibco BRL) supplemented with 10% FCS, 2 mM glutamax, 100 U/ml penicillin, 100 g/ml streptomycin, 0.2 g/ml hydrocortisone, and 10 ng/ml EGF. Confluent cells were subcultivated by trypsinization (see above) every week. Cell medium supplements (hydrocortisone, EGF) were obtained from Gibco BRL.
Conventional interface experiments. We defined conventional interface experiments as those in which cells were exposed to an I AL by aspiration of the cell medium. This was performed by tilting the respective cell culture plates and by careful removal of the fluid, from a corner, with a pipette. Then the wells were exposed for the indicated times to ambient air at room temperature and a relative humidity (RH) of 50%, adjusted by an automated humidifier (Monsun 300, Suntec) within the entire laboratory space (adjustment of the RH was crucial to obtain a defined rate of water evaporation). Conventional interface experiments comprise the Ca 2ϩ , lactate dehydrogenase (LDH), and ATP measurements and the LSM microscopy. Microarrays were performed with both the conventional and the inverted interface approaches. For the conventional interface microarray studies, cells were exposed to air for 7 min (see above) and then incubated for 1 and 4 h, respectively, in cell medium. Afterwards, cells were lysed by adding 350 l RLT buffer (Qiagen). For every group (control, 1 h, 4 h), lysed cells from 16 wells were pooled to obtain sufficient amounts for RNA extraction (ϳ5 ϫ 10 5 cells). The experiment was run in triplicate (ϭ independent preparations). Cells were stored at Ϫ80°C.
Inverted interface experiments. Our inverted interface model was recently used to analyze calcium signals and surfactant adsorption at the IAL. For the details, we thus refer to these publications (8, 33, 57) . In the present study, we used a specially designed, slightly different kind of chamber (200-m holes made in stainless steel, 45 holes/plate; see Fig. 4 , A and B) to run multiple experiments in parallel to obtain enough total RNA. Cells from primary culture were detached from the dishes by mild trypsinization (0.25%; 5 min), followed by a stopping reaction with DMEM ϩ 10% FCS and a gentle centrifugation (800 g, 3 min). Cells were resuspended in 5% CO2 enriched medium without FCS, and 30 l of cell suspension, containing ϳ100 cells, were pipetted into each hole of the inverted interface plate, as shown in Fig.  4A . After sedimentation of the cells at the IAL (10 min; see Fig. 4 , C and D), medium above the cells was exchanged (to exclude slow sedimenting and/or buoyant material), and the plate was incubated with an atmosphere of 5% CO2 and a RH Ͻ10% at 37°C for 4 h. Afterwards, cells were collected by applying a compression (see Fig.  4E ), which pushed all cells at the IAL into a collecting chamber containing small amounts of RLT lysis buffer (Qiagen). Samples were stored at Ϫ80°C.
Confocal microscopy. Time-resolved z-sectioning was performed with an SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany) equipped with a fast resonant scanner. We used a HCX PL APO lambda blue 63 ϫ 1.2 water immersion objective. Imaging was performed using the 488-nm laser line for the FM 1-43 staining. Fluorescence emission was detected from 496 to 600 nm; image sequence was acquired every 5 s for 10 min and further processed using the LAS AF acquisition software version 2.1.0. (Leica Microsystems).
RNA isolation and microarray analysis. Sample processing (RNA extraction and quantification) and array hybridization were performed at an Affymetrix service provider and core facility (KFB Center of Excellence for Fluorescent Bioanalytics, Regensburg, Germany). Total RNA was extracted using RNAeasy Mini Kit (Qiagen), according to manufacturer's instructions. Concentration and quality of samples were determined spectrophotometrically using Nanodrop (Peqlab) and gel electrophoresis on a Bioanalyzer 2100 (Agilent). RNA sample processing and generation of biotinylated single-stranded DNA fragments were performed by the Affymetrix GeneChip Whole Transcript Sense Target Labeling Assay protocol (Affymetrix). Samples were hybridized to an Affymetrix Rat Gene 1.0 ST microarray, washed on a Fluidics Station 450, and scanned using the GeneChip Scanner 3000 -7G (Affymetrix). For the inverted interface experiments (small yield of RNA), a specially designed processing protocol was used.
Here, the preparation of the extracted RNA was performed with following kits from NuGEN: Pico SL WTA (synthesis of singlestranded SPIA DNA); Exon Module (synthesis of the double-stranded DNA); and Encore Biotin Module (labeling of the DNA). All of the following steps were performed with the standard Affymetrix protocol with some modification suggested by NuGEN.
The microarray enables expression profiling for Ն27,000 transcripts and up to 40 probes per gene. Basic data analysis (microarray quality report, background adjustment, quantile normalization, probe set signal summarization) was done using Affymetrix Expression Console software. Fold change calculations and statistical tests (Student's t-test) were performed in Excel. First the log2 signal of the treated sample was subtracted by the log2 signal of the control to obtain a log signal ratio. Ratios of the three replicates were averaged, and the fold change calculated. Significance was considered at P Ͻ 0.05 and fold changes of Ϯ1.5 (conventional interface) or Ϯ2.0 (inverted interface). Heat map was designed with Java TreeView and Excel. Analysis of Gene Ontology (GO terms) was performed using DAVID 6.7. GO terms are defined categories representing gene product properties, which covers the domain's cellular component, molecular function, and biological process. DAVID discovers enriched functionally related genes by comparing the background population with the uploaded gene list (37) . DAVID poses predesigned Affymetrix background (RaGene-1-0-st-v1). Threshold was set at 0.05 Ease Score. Text-based data mining, using search terms shown in Fig. 3 and 6, was made with Pubmatrix (PubMed, National Institutes of Health). Microarray data are available at MIAMExpress of the EMBL-EBI Database, ArrayExpress accession: E-MEXP-3363 (conventional interface) and E-MEXP-3372 (inverted interface).
Ca 2ϩ measurements. Cells were seeded, in high density (10 6 ϫ cm Ϫ2 ), into flat, transparent 96-wells. After 48 h, cells were washed and supplemented with 5 M fura 2-AM in DMEM for 20 min at 37°C. Drugs were applied, as further described in the legend to Fig. 8 , within the same time. Subsequently, wells were washed twice with standard experimental solution and placed into a Tecan M200pro microplate reader (Tecan). After 5 min, measurements were started using excitation wavelength ϭ 335/380 nm and emission wavelength ϭ 510 nm. Following the recording of baseline cytosolic [Ca 2ϩ ]i values under submerged conditions, the plate was shortly moved out of the instrument, the buffer gently removed (ϭ time 0), and the measurements continued for 10 min. Results are presented as backgroundcorrected fura 2 ratios (335/380).
ATP release experiments. Cells were grown as described for the Ca 2ϩ measurements. After 48 h, culture medium was replaced by standard experimental solution, and cells were exposed to air (see conventional interface experiments). Thereafter, 20 l PBS were added. Control cells were treated in the same way, without air exposure. In addition to the 20-l PBS, 80 l luciferin-luciferase solution, prepared according to manufacturer's instructions (Invitrogen), were pipetted into the wells to obtain a total supernatant volume of 100 l and subsequently transferred together with the standards into a new white 96-well (Greiner), and luciferase luminescence was recorded with the multiplate reader (Tecan M200pro). Luminescence measurements were taken every minute for 10 min with an integration time of 1,000 ms/well. The ATP content in each sample was calculated as the mean signal obtained within the 10 min of measurement calibrated to a standard curve.
LDH measurements. Cells (AT II, 3T3, HMEC-1) were seeded in 24-well plates and grown to confluence. They were gently washed two times with experimental solution and exposed to air (see conventional interface experiments), followed by re-addition of 600 l experimental solution. Cells were incubated with Ca 2ϩ channel inhibitors, as further described in the legend to Fig. 9 . After 2-h incubation (37°C, 5% CO2), supernatants were collected and stored at 4°C. Samples were analyzed for LDH release according to kit instructions (Roche). Fifty microliters of each sample were transferred, in duplicates, into a 96-well plate and mixed with 100 l assay reagent. The reaction mix was incubated for 15 min at room temperature under light protection. Absorbance was measured at wavelength ϭ 492 nm with a microplate reader (GENios Plus, Tecan).
Solutions and reagents. The standard experimental solution contained the following (in mM): 140 NaCl, 5 KCl, 1 MgCl 2, 2 CaCl2, 5 glucose, and 10 HEPES (pH 7.4 at 25°C). Fura 2-AM and FM 1-43 were from Invitrogen; gadolinium(III) chloride hydrate, thapsigargin, APB-2 (2-aminoethyl diphenylborinate), capsaicin, SKF-96365 hydrochloride, suramin sodium salt, EGTA, IgG, Triton X-100, streptomycin, penicillin, and trypsin from Sigma-Aldrich; the LDH detection kit from Roche; elastase (for the AT II cell preparation) from Elastin Products; Curosurf from Nycomed; 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC) from Avanti Polar Lipids; and perfluorodecalin from F2 Chemicals. Purified surfactant was kindly provided by J. Pérez-Gil (Madrid, Spain). Fig. 1 . Confocal imaging was performed to visualize cell-I AL contacts, as they are likely to occur in the conventional interface experiments. Z-sectioning revealed that, after aspiration, a small but variable liquid layer is always present above the cells. During further thinning of this layer (due to evaporative water loss), the I AL remained continuous for at least 10 min. Furthermore, the I AL became increasingly bended over the cell apex when the thickness of the bulk liquid layer fell below that of the cell height. Concurrently with the bending of the I AL , the cells became increasingly compressed (Fig. 1B) , and, with ongoing time, up to extents that might be the cause of cell damage (ϳ20 min; Fig. 1C ). Since bending of the I AL started at about the same time as cell flattening, this suggests that the surface tension of the I AL is in a comparable range as the reported elastic modulus of AT II cells (3) . Furthermore, since cell flattening occurred considerably earlier than cell damage, we conclude that, at least at the beginning, it is not a harmful event (56) . Importantly, these data directly show that the I AL exerts a mechanical deforming stress on the cells, which is in accordance with what has been postulated and shown by different methods in recent studies before (55, 56) .
RESULTS

Conventional interface experiments. See
To rule out changes of osmolarity in the cell culture medium, we used a dye dilution technique. We found that osmolarity typically increased by only ϳ8 mosM/min (at 50% RH) in the fluid remaining above the cells. Additionally, direct hyperosmotic treatments, using different osmotically adjusted buffers up to 1,000 mosM, did not lead to Ca 2ϩ -signaling events when analyzed in cells under submerged conditions (Fig. 1D ). Thus the characteristic Ca 2ϩ increase shown in Fig.  1D , which is probably the decisive sensory event in cellinterface contacts (56) and starts as early as ϳ4 min after fluid aspiration (ϭ I AL contact), is unlikely due to osmotic effects. It is also unlikely that this Ca 2ϩ increase is due to plasma membrane damage, as LDH release was detected only after 20 min (see Figs. 1C and 9).
These results, taken together with previous findings (56), demonstrate that conventional interface experiments (aspira- led to intense staining of lamellar bodies (bright patches), together with a faint staining of cytosol, membranes, the upper surface of the glass coverslip, and the contour of the air-liquid interface (IAL) (arrows). 0 min, Immediately after aspiration of fluid; medium was still present above the cells, although locally to very variable extents. 0.5 min, Reducing the thickness (height) of the water space (by evaporation) enforced a first cell-IAL contact. Further water loss (8 min) led to a bending of the IAL (arrow) and a massive compression of the cell. Arrowhead marks a possibly exocytosed lamellar body (surfactant) that disappeared in the following images, probably by adsorption at the IAL. Images were enhanced by brightness and contrast adjustments. Blurred outlines in the air space were due to optical reflections. B: after surface contact (distance to the IAL ϭ 0 m), the cell became increasingly compressed (increase in the length-to-height aspect ratio). Data in A and B are exemplary, but highly consistent observations. C: lactate dehydrogenase (LDH) release was not significant up to 10 min surface contact, but started to increase at 20 and 40 min (see also Fig. 9 ; n ϭ 4 duplicates; mean Ϯ SD). D: surface contact led to a steep increase in intracellular calcium concentration ([Ca 2ϩ ]i) (ϭ fura 2 ratio; black thick line), ϳ4 min after aspiration of the fluid (at time 0). An increase in [Ca 2ϩ ]i, however, was not observed by increasing buffer osmolarity without surface contact (dashed lines; n ϭ 3 duplicates). Measurements in C and D were performed in a microplate reader. tion of cell medium followed by evaporation to enforce a close interface contact) can be used as a simple model to study cell-interface responses. However, these experiments can only be performed under defined conditions, e.g., within a short interval of exposure due to unspecific conditions at longer times (dry out, cell damage, and/or severe cell deformation), or undefined conditions before (no interface contact and/or no Ca 2ϩ signal at shorter periods).
Gene expression in the conventional interface experiments. See Fig. 2 . For the reasons outlined above, 7-min air exposure was chosen to perform the analysis of transcripts. At this time, cytosolic [Ca 2ϩ ] i is already high (Fig. 1D) , and cell damaged can be excluded (Figs. 1C and 9 ). To capture early and late transcriptional events, RNA extraction was performed 1 and 4 h after re-addition of serum-free medium to the air-exposed cells. From ϳ27,000 genes analyzed, the 1-h group showed 6 up-and 5 downregulated transcripts, several with unknown biological functions. In the 4-h group, we identified 41 transcripts with significant fold changes (11 up-and 30 downregulated), 3 of them have not been described by their function. All responding genes (52 genes) out of both groups (1 h, 4 h) were submitted to DAVID. Most of them (49 genes) were available in the database and analyzed with the annotation chart tool. The heat map in Fig. 2 demonstrates the expression pattern of 44 responding genes, in the 3 replicates, and highlights the most important GO terms. Eight genes with unknown biological function were not shown in the heat map. GO terms were selected by the number of involved genes and their biological relevance. Further Pubmatrix analysis with 38 genes was performed by a pairwise comparison of gene symbols with clinical and biological relevant terms, similar to the recent study by Yerrapureddy et al. (76) . The results (Fig. 3) tentatively identified a genomic response associated with all search terms, with most genes linked to lung inflammation (36% up), lung surfactant (36% up), and ventilator-associated lung injury (VALI)/ventilator-induced lung injury (VILI) (36% up). Four genes were associated with all search terms (except mechanotransduction): Ptgs2 (up), Cxcl1 (up), Nos2 (down), and Alox5 (down), all of which are involved in defense response, response to stress, and response to stimulus pathways. Notably, three downregulated genes are members of the solute carrier family, one of them, SLC34a2, is highly expressed in AT II cells, where it regulates phosphate transport associated with surfactant phospholipid synthesis (35, 65) .
Inverted interface experiments. See Fig. 4 . The inverted interface served as alternative approach to study cell-interface responses. Compared with the method above, several factors are different. 1) Cells contact the I AL by mere sedimentation through a constant volume of medium, minimizing potential mechanical, rheological, osmotic, or even dry out effects.
2) Before the experiments, cells are detached from the substratum and applied in a very dilute suspension, so they were largely lacking direct intercellular contacts and probably not subject to any paracrine interactions. 3) By microscopy, we could prove that all cells came into interface contact (Fig. 4, C  and D) . 4) Microscopy also served as an additional control of cell purity. 5) Interface contact was 4 h. We have chosen this time for three reasons. 1) Time point of interface contact is not sudden, but accomplished for all cells after Ͻ10 min (Fig. 4D) .
2) The cellular response is weaker than in conventional interface experiments or may be completely absent (56) 56) . Thus this approach is not a mere replication of the conventional interface experiments, and additionally allowed the study of the consequences of a more prolonged interface challenge, which is not possible with the former approach.
Gene expression in the inverted interface experiments. See Fig. 5 . Here, we used a specially designed technique (NuGEN) for low-concentrated RNA samples (500 pg to 100 ng). Cells with 4-h I AL contact showed 153 up-and 52 downregulated transcripts. All responding genes (205) were analyzed with DAVID in the same way as described before. The 141 genes, recognized by DAVID, are shown in Fig. 5 (except those of unknown functions). Again, GO terms were selected by the number of involved genes. Further Pubmatrix analysis of 115 genes (Fig. 6 ) revealed that most genes are associated with following search terms. Lung inflammation (19% up), lung stretch (18% up), and acute lung injury (ALI; 16% down). Six genes were associated with almost all search terms: Igfb3 (down), Tlr3 (down), Ngf (up), Serpine1 (up), Ctgf (up), and Cyr61 (up). Both downregulated genes (Idfb3 and Tlr3) were previously indentified to be involved in pathogenesis of ALI and acute respiratory distress syndrome (13, 61) . Moreover, Tlr3 has also been shown to be altered in surfactant protein C-deficient mice (28) . Recently, it has been reported that Ctgf and Cyr61 are early responding genes of VILI (70) . Additionally, Ctgf and Serpine1 have been indentified to be involved in the newly discovered cell deformation signaling cascade (60) . The highest upregulated gene (fold change of 6.3) with known biological function was Ankrd1 (cardiac ankyrin repeat domain 1). This gene has been proposed to play a critical role in the titin-based, stretch-sensing complex in muscle cells and wound healing in skin cells (42, 62) and was recently identified to be highly upregulated in 5-day cultured AT II cells compared with freshly isolated ones (5). The highest downregulated gene (fold change of Ϫ3.0) with known biological function was Sema4C, involved in cellcell communication in nonneural tissue (79) .
Summary of conventional vs. inverted interface experiments. See Fig. 7 . As outlined before, both interface approaches are similar, although cells experience I AL contact in probably quite different ways. This might be reflected by the number of regulated genes, which was higher (205 vs. 52) with the inverted interface treatment, the ratio of up-vs. downregulated ones (also higher with the inverted interface approach), and also by the fact that no genes in common were comparably regulated in both protocols. However, analyzing all genes from both experiments with DAVID, similar pathways involved in cell wounding and cell defense were identified, both of which, in turn, stimulate repair mechanisms, cell proliferation, and programmed cell death. The hierarchical compilation in Fig. 7 highlights the most enriched GO terms of the conventional interface (C-I AL , 16 terms), the inverted interface (I-I AL , 13 terms), and those that were enriched in both treatments (9 terms). Notably, interfacially treated cells (conventional and inverted) showed a different expression pattern in five members of the solute carrier family (Slc10a1, Slc16a14, Slc2a3, Slc34a2, Slc38a2) and in three dual-specificity phosphatase coding genes (Dusp1, Dusp8, Dusp16), suggesting an involvement in inorganic phosphate homeostasis and MAPK activation/inactivation. In summary, both results provide strong evidence that interfacial stress leads to transcriptional changes. This is likely to occur, via stretch/cell deformation signaling, followed by activation of cellular responses, such as cell proliferation, wound healing, and cellular repair.
Signaling mechanisms. Previously, it has been shown that cells respond in conventional and in inverted interface experiments with intracellular Ca 2ϩ signals (55, 56, 63 ). Here we extended those studies using agonists and inhibitors for various channels and pathways (Fig. 8) . The source of the Ca 2ϩ increase was demonstrated to be extracellular. Ca 2ϩ removal before air exposure totally abolished the rise in the fura 2 ratio, similar to the effect of gadolinium [a nonspecific stretchactivated channel inhibitor (7, 11, 14) ] in Ca 2ϩ -containing buffer. Furthermore, thapsigargin, which depletes intracellular Ca 2ϩ stores (64), had no inhibitory effect. Instead, it consistently increased Ca 2ϩ , probably due to a parallel activation of store-operated Ca 2ϩ entry. This pathway was indeed inhibitable by APB-2, an inhibitor of store-operated Ca 2ϩ entry at high concentrations (10, 53), but not by SKF, which ought to do the same (20, 40) . However, APB-2 also modulates various TRP channels (54) , and, indeed, inhibition was also found with the TRP vanilloid 1 agonist capsaicin, recently identified to block stretch-activated Ca 2ϩ signals in AT II cells (Ref. 68 and G. Fois, personal communication) and ruthenium red acting in the same way (54) . Finally, U-73122, a known PLC inhibitor, also blocked the rise in [Ca 2ϩ ] i , suggesting a contribution of a purinergic receptor (1). However, suramin, a nonselective P2 purinergic antagonist (12, 25) , had no effect. This was also the case for Curosurf, which was used to decrease surface tension of the I AL . Perfluorodecalin, which served as a model for a liquid-liquid interface, did not lead to a detectable [Ca 2ϩ ] i increase.
Since the source of Ca 2ϩ was extracellular, and suramin had no inhibitory effect, a paracrine action of released ATP (via activating P2Y 2 receptors) appears unlikely. Nevertheless, we measured ATP in the conventional interface experiments because of its suggested functions in mechanotransduction (49) . A small ATP release was indeed detectable, starting as early as 10 s after I AL exposure, but without time-dependent change afterwards (Fig. 8B) . Furthermore, the rapid release of ATP compared with the slow onset in Ca 2ϩ increase (Ն4 min) additionally argue against a prominent role of ATP in interfacial sensing. Tolerance toward I AL contact. See Fig. 9 . Gene analysis revealed activation of pathways related to defense response, wounding, and repair. Furthermore, our laboratory demonstrated previously that I AL contact may be a harmful event upon which cells respond with increased surfactant secretion (56). Thus we investigated whether changes on the intracellular level are reflected in a physiological setting. First, we compared viability of AT II cells with two other cell models that do not experience an I AL in vivo: endothelial cells (HEMC-1) and 3T3 fibroblasts. Whereas LDH release in AT II cells was not detectable before 20-min air exposure, as in our laboratory's previous study (56) , it was significant at 5 and 1 min in HEMC-1 and 3T3 fibroblasts, respectively. This suggests that AT II cells might be constitutively more robust than those of endothelial or mesenchymal origin. On the other hand, their higher tolerance could be the result of a constitutive release of surfactant. Removal of bath Ca 2ϩ , known to completely inhibit agonist and stretch-induced exocytosis in AT II cells (23, 24) , indeed rendered their susceptibility comparable to that of the fibroblasts, whereas direct addition of purified surfactant to 3T3 cells clearly prolonged the time to cytotoxic damage. A further evidence for the role of Ca 2ϩ -induced surfactant secretion was observed by preincubation of AT II cells with gadolinium. APB-2, however, had no effect. Fig. 7 . The hierarchical compilation indicates the most enriched GO terms of the conventional interface (C-IAL, 16 terms), the inverted interface (I-IAL, 13 terms), and those that were enriched in both treatments (9 terms). Indentation denotes subordinate categories, X indicates enriched GO terms. Nevertheless, the supposed protective effect of surfactant is likely to be complex, maybe involving reduction of evaporative water loss above the cells and thus delaying air contact. However, this was not measurable (Fig. 9B) . Evaporation rates were not different between pure water, or surfaces covered either by surfactant released from AT II cells or obtained from lung lavages, or a surface with a monomolecular film of spread DPPC. Taking these findings together, we speculate that surfactant does not delay the time to air contact, but probably alleviates the stress effects exerted by air contact. Thus increased surfactant secretion, as a result of interface contact, might be one of the protective roles of AT II cells in alveolar defense and repair.
DISCUSSION
Our laboratory reported previously that the I AL represents a distinct element in alveolar micromechanics, particularly by conveying physical forces to the AT II cells, which respond to them by Ca 2ϩ signals and surfactant secretion (56) . We hypothesized that the underlying mechanism is a mechanical sensation of that interface, transmitted via the same pathways and mechanisms that are generally discussed for tissue stretch and strain. Here, we extended these investigations by studying the cell response on the transcriptional level, and by seeking possible mechanisms for signal transduction in the course of interface contact.
Interface contact was accomplished in two ways. The first we called conventional interface experiments, because, in principle, cells were brought into contact with the I AL by removing the bulk fluid, a simple procedure used in other studies (e.g., Ref. 55). However, this approach alone is not sufficient to enforce an instantaneous and "real" cell-I AL contact, as it just reduces the amount of fluid above the cells, and thus their distance to the I AL . This we demonstrated by confocal z-sectioning, where we found that cells are still submerged by medium immediately after aspiration of the fluid, and that the contour of the I AL was essentially flat over the cell apex. These image-based experiments confirm our previous observation of slower evaporation of water in wells containing (wet) cells compared with wells containing pure buffer (56) . Both results point to the fact that cells always retain a covering of water, and interface contact can only be provoked by an additional brief period of evaporation to further reduce the thickness of the water shell. As discussed before (see RESULTS), the interface then became increasingly bended over the cells, and the cells became increasingly compressed onto the substrate; in fact, a similar procedure was used to press T cells onto a substratum (50) . This demonstrates that the surface tension of the I AL (in our experiments) is in a range to overwhelm the elastic modulus of AT II cells (3) , and that neither cellular surface tension nor any internal scaffolding is able to sustain the loads induced by a curved I AL (50) . Thus these data directly show that the I AL is able to exert a mechanical deforming stress on the cells, which is in accordance to what has been postulated and shown by different methods in recent studies before (55, 56) . Additionally, these data show that cell response is due neither to simple fluid removal nor to dry out phenomena, but due to a critical compression of the cells preceding an actual loss of cell water.
For the second approach, we used the so-called inverted interface (8, 33, 52, 56) . This method circumvents any additional forces except sedimentation, but still guarantees intimate interface contact that can even be analyzed by microscopy (56) . Potential side effects or even destructive effects (dramatic increase in osmolarity, dry out, rheological effects) could be ruled out completely. Importantly, AT II cells seem to tolerate this environment without noticeable changes in cell function or morphology for much longer periods of time than used here (56) .
Although the cells in this system are not adherent to any sort of substrate (except the I AL itself), and thus should not experience any counterforce to surface tension at all (except gravitation minus buoyancy), they respond to a contact with the I AL , as shown previously (56) . This finding can be explained in various ways. 1) There may be a shear stress acting on micrometer-or nanoscaled cell-surface structures, which is caused by the minuscule pressure the cell is exerting toward the I AL . 2) There may also be a tensile strain acting along the cell membrane whenever surface structures break the I AL [the same mechanism we proposed for the adsorption and spreading of lamellar bodies when contacting the I AL (33) ]. 3) Finally, the I AL may be subject to localized, dynamic flows, especially on adsorption of surface active compounds, probably creating normal (pressure) and shear forces on the surface attached cells.
Mechanical stress on cells are complex, especially near phase boundaries, in dynamic rheological situations, and in the presence of complex surface topographies, as has been shown in experimental and theoretical models for pulmonary airway reopenings (Refs. 9, 39 and reviewed in Ref. 27) . From these models, assuming Newtonian fluids and stiff cell substrates, pressure gradients over the length of the cells dominate over shear stress and shear stress gradients as the decisive factors to generate cell-deformation-induced cell injury. In fact, local pressure imbalances are most obvious in the conventional interface model, where positive and negative curvatures of the I AL are forming from the cell apex to the cell periphery (Fig.  1A) . Apart from this, pressure gradients, as well as shear stress and shear stress gradients, may arise not only from meniscus forces, but also in consequence of barely noticeable draining flows, which are described in fluid mechanics of thin films (39) . Since, in both systems (conventional and inverted interface model), cells are covered by thin films, we have to take into consideration that flows exist, irrespective of the specific model used, probably imposing similar or even identical mechanical stress profiles onto the cells. We acknowledge, however, that an analytic approach to dissect the relative contribution of each of these factors in both models still has to be evaluated.
Under both experimental conditions we observed an altered transcriptomic pattern, with no apparent overlap, supporting our laboratory's previous findings that the I AL contact is a trigger of cellular events (56) . This result is also in accordance with the reports of Ramsingh et al. (55) on I AL -dependent cell deformation and subsequent Ca 2ϩ transients in A549 cells when air bubbles were passed over the cell monolayers, or by tilting the culture dishes to drain the fluid. Indirectly, our result is also in accordance with those many studies, which used air-liquid cultures of cells, and found significant effects on cell functions, which, however, have not been interpreted on the basis of a clear mechanistic or a physical model.
Specifically, our microarray analyses demonstrated enhanced or attenuated expression of a variety of genes, including those which are linked to ALI, VALI/VILI, fibrosis, inflammation, and lung stretch, according to an extended Pubmatrix search (Figs. 3 and 6 ). Due to the lack of other studies on the same or a similar topic, we conducted this analysis according to that published by Yerrapureddy et al. (76) . These authors used isolated AT II cells that have been differentiated to some extent into an AT I-like pheno-and genotype and subject the cells, grown on a Silastic membrane, to cyclic stretch for up to 6 h. Cells thus experienced stress (force per unit area) and stretch (change in length), followed by compression in between the cycles. In contrast, we used phenotypically and functionally characterized AT II cells (32) , which were forced, by aspiration/evaporation of the fluid or by sedimentation, into a close but probably static contact with an I AL . Interestingly, despite this relatively vast difference in the experimental protocols, it seems that interfacial stress sensation is followed by similar transcriptional events as induced with cyclic stretch protocols (76) . In particular, Serpine1, Fosl1, and Ppp1r10 were significantly regulated in both studies: Ppp1r10, described to depress cellular apoptosis and to have a protective effect (76), Fosl1, involved in alveolar epithelial cell injury and repair (78) ; and Serpine1 (synonym: plasminogen activator inhibitor-1), known to be highly responsive to cell shape altering stimuli and to be upregulated in intact lungs at large tidal volume ventilation (74) . Serpine1 is coding for a clinically important profibrotic protein, as is the case for Ctgf, which was also upregulated in our study. Both genes were assigned by Samarakoon (60) as the two model responding genes linking cell deformation to signaling events, probably through Rho activation. Rho-associated kinase is a promising candidate for transmitting extracellular mechanical stimuli (stretch, interfacial forces) into the alveolar type cell gene expression due to its pivotal role in regulating the actin cytoskeleton and in mechanotransduction-mediated differentiation (21, 60) . Since plasminogen activator inhibitor-1 and Ctgf contribute to the pathogenesis of several interstitial lung diseases like lung fibrosis, detailed studies focusing on the nature of the stimuli and its related downstream mechanism could be essential for the invention of novel therapeutic targets (75) .
Mechanical stress can lead to a reprogramming of the cell's functional state and impact a variety of biological responses, including growth, migration, and differentiation, likely to follow in I AL -treated cells at a long term. On the other hand, mechanical stress can also have an immediate effect, depending on the cell type and the nature of the forces that are acting on them. In AT II cells, for example, cell stretch is a potent stimulus for surfactant secretion and proceeds via Ca 2ϩ -dependent pathways (23, 73) . In most studies, the intracellular Ca 2ϩ elevation is mediated by a transmembrane Ca 2ϩ influx, which, in turn, activates a secondary Ca 2ϩ -induced intracellular Ca 2ϩ release mechanism. Mechanosensitive ion channels, like members of the TRP channel family, are particularly promising candidates in promoting this signaling cascade. Such a transmembrane Ca 2ϩ influx also occurred in the I AL -treated cells and was found to be inhibitable by gadolinium, APB-2, capsaicin, and ruthenium red. Therefore, a high consistency with stretch-induced mechanisms could be found, both of which provide ample evidence for a Ca 2ϩ -permeable mechanosensitive ion channel whose molecular identity and mode of activation, however, are still obscure.
Nonetheless, Ca 2ϩ channel activation could be secondary. ATP is released by AT II cells in response to stretch and interacts with purinergic P2Y 2 and P2X 4 receptors to increase [Ca 2ϩ ] i (46, 49) . Within the alveolar lining fluid, ATP might reach millimolar concentrations (58) , but the source of it is essentially unknown. Beside a supposed release from scattered purinergic nerve terminals, and release due to cell membrane stress failures, a channel-gated release from AT II cells, as well as a mechanosensitive ATP-exocytosis, has been proposed (16, 55) . Here, a release of ATP, in concentrations similar to those reported by Patel et al. (49) for cyclic stretch, was detected after a brief I AL exposure (ϳ10 s). Inhibition of Ca 2ϩ increase by U-73122, a PLC inhibitor, also suggests a contribution of a purinergic receptor. However, it is also reported that U-73122 inhibits calcium influx (31) , an effect that is more likely to apply for our studies. Furthermore, the lack of Ca 2ϩ entry in Ca 2ϩ -free solutions and the lack of inhibition by suramin argue against a role of ATP. In line with this, the rapid release of ATP compared with the slow onset in Ca 2ϩ increase (Ն4 min) does not support a purinergic signaling, which was proposed by Ramsingh et al. (55) as the decisive mechanism in A549 cells subject to passage of air bubbles or perfusion with air.
As previously discussed in more detail (56) , and also in the work of Ramsingh et al. (55) , the prominent morphology of AT II cells (cuboideal with microvilli), their placement within the alveoli (projecting out of the smooth plane of AT I cells and the alveolar corners, probably bulging the interface into the air-filled lumen), and their main function (replenishment of the surfactant pool, fluid resorption) would provide all prerequisites to design them as the preferred sensors of the status of the interface and the forces acting there, so, for example, to synergistically amplify the lung inflation-induced signals from the AT I cells (2, 38) . Such alterations in the status of the interface can be easily envisaged, considering, for example, that the lung parenchyma cannot be the exclusive structure that is subject to periodic stretch. The hypophase has to follow these geometric changes in some way, and most likely to the same extent as the surface of the tissue itself. This hypothesis, however, remains elusive as long as vital lung microscopy, employing sophisticated techniques, will allow it to be proven or disproven (41, 66) . In contrast to this hypothesis, experiments provided evidence that interfacial stress is a determinant of cell wounding in pathophysiological settings, e.g., in surfactant-compromised lungs or as a consequence of alveolar edema (9, 48) .
Prolonged air exposure (Ͼ10 min) leads to cell damage as previously shown. The results in this study also suggest that AT II cells are constitutively more robust than those of endothelial or mesenchymal origin with regard to stresses associated with an I AL . Their higher resistance could be explained by the release of specific extracellular matrix components (e.g., surfactant lipids), rapidly transferring to the I AL . This is supported by the observation that addition of purified surfactant to 3T3 fibroblasts clearly prolonged the time to cytotoxic damage, and that inhibition of surfactant secretion (Ø Ca 2ϩ and gadolinium) shortened this time in AT II cells. Taken together, we conclude that surfactant does not delay the time to I AL contact, but makes a cell more resistant to the stress resulting from I AL contact, most likely by a reduction of surface tension that also reduces the magnitude of compressional or shear forces exerted by the I AL . However, the Ca 2ϩ signal in AT II cells exposed to an I AL in the presence of Curosurf was unaffected. Thus a "physiologically conditioned" I AL , containing a surface film, is a stimulus for the cells, but its harmful nature appears to be largely alleviated. This conclusion is in correspondence with other studies relating the severity of a damaging interfacial stress with the presence/absence of surfactant in various models of pulmonary airway reopenings related to atelectrauma (9, 29) . Interestingly, even small amounts of surfactant (0.1 mg/ml) significantly improved the viability of epithelial cells exposed to an advancing I AL , as it is probably also the case for the degree of interfacial compression of the surface films or the amount of surface-associated material (29) . Consequently, one could speculate that pulmonary surfactant, in addition to its well-known functions, also serves as a protective surface coat, and that the ability of cells to produce such a coat might have been an important prerequisite in the evolution of air-exposed epithelia to further allow the development of entire gas-exchanging organs, a hypothesis also similarly raised elsewhere (55) .
